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Modern forest management generally relies on thinning treatments to

reduce fuels and mitigate the threat of catastrophic wildfire. They have

also been proposed as a tool to augment downstream flows by reducing

evapotranspiration. Warming climates are causing many forests to transition

from snow-dominated to rain-dominated precipitation regimes—in which

water stores are depleted earlier in the summer. However, there are relatively

few studies of these systems that directly measure the hydrologic impacts of

such treatments during and following snow-free winters. This work compares

the below-canopy meteorological and subsurface hydrologic differences

between two thinning prescriptions and an unaltered Control during periods

of extreme drought and near-record precipitation (with little snow). The

field site was within a coniferous forest in the rain-snow transition zone of

the southern Cascades, near the Sierra Nevada Range of California. Both

thinning-prescriptions had a modest and predictable impact on below-

canopy meteorology, which included their causing lower nighttime minimum

temperatures in the critical summer months and higher wind speeds. Relative

to the Control, both treatments affected soil moisture storage by delaying its

annual decline and increasing its minimum value by the end of the season.

The onset of soil moisture depletion was strongly tied to the magnitude of

winter precipitation. In dry years, it began much earlier within the dense

Control stand than in the treated ones, and, without snow, soil moisture
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was not replenished in the late spring. During high precipitation years, the

storage capacity was topped off for all three stands, which resulted in

similar timing of moisture decline across them, later in the season. The two

thinning prescriptions increased stores through the height of summer (in wet

and drought years). Finally, the basal area increment (BAI) of the remaining

trees rose in both, suggesting they used the excess moisture to support

rapid growth.

KEYWORDS

forest management, climate change, soil moisture, thinning, California
(United States), drought, wildfire risk, fuels reduction

Introduction

In the rapidly drying American West, private landowners
and land management agencies alike are increasingly grappling
with drought-stressed forests and struggling to mitigate
the effects of widespread insect infestations, disease, rapid
accumulation of dry fuels–and ultimately, catastrophic wildfire.
Even as these scourges are ravaging forests, municipalities,
agriculture, and other users are reaching ever farther in their
quest for economically viable sources of water.

In this age of megafires, any practical discussion of
forest management must also reckon with wildfire hazard
considerations, evinced by the Dixie Fire of 2021 (389,837
hectares burned), the second largest fire in California State
History, which is eclipsed only by the August Complex of 2020
(417,898 hectares). Current estimates suggest that, since 1984,
climate change has nearly doubled the total acreage burned
across the western U.S. (Abatzoglou and Williams, 2016). Many
of these fires occur during periods of prolonged regional
drought when trees are incredibly water stressed (Westerling
et al., 2006; Dennison et al., 2014).

This sense of crisis has brought a renewed focus on forest
health and wildfire risk mitigation strategies. Prominent among
these is forest thinning, which removes small-diameter trees and
mid-size canopy trees to reduce forest density and fuel loads,
while also promoting the growth of larger trees that are more
resistant to fire, insects, disease, and drought (Agee and Skinner,
2005). Thinning has been shown to:

1. Reduce fire severity and crown scorch in historically
frequent-fire forest types (e.g., Pollet and Omi, 2002;
Stephens et al., 2009; Prichard et al., 2010);

2. Improve overall forest resistance to mortality due to insects
and disease (e.g., Collins et al., 2014; Hood et al., 2016);

3. Increase water availability for residual vegetation (e.g.,
Phillips et al., 2016; Tague and Moritz, 2019); and

4. Burgeon carbon sequestration (e.g., Hurteau and North,
2010), although this point has been challenged (Campbell
et al., 2012).

Accounting for these and other benefits, broad-scale
analyses have suggested that 9.7 million hectares of
western forest lands could potentially benefit from thinning
(Skog et al., 2006).

At the same time, water users, such as urban and agricultural
interests, are feverishly seeking additional sources. One potential
method for increasing the available supply is through thinning
forests using treatments that have been designed specifically
to reduce their water consumption and deliver the balance to
downstream users. The idea has broad appeal: it would provide
sorely needed funding for active forest management and fuel
reduction in overstocked and diseased stands—thereby reducing
fire risk—and provide water for ever-growing, thirsty cities.

The idea that streamflow could be enhanced through forest
manipulations has a rich history in the western U.S. Early
efforts (predominately in the Rocky Mountains) experimented
with copious treatment strategies, ranging from thinning and
the opening of small patches all the way up to commercial-
scale clearcutting (e.g., Ponce and Meiman, 1983; Troendle,
1983; Troendle and King, 1987; Troendle et al., 2001). Results,
however, were equivocal and differed widely depending on
geography, vegetation type, local conditions, and climate (e.g.,
Harr, 1983).

Recent reviews have found that, particularly for forests
in semi-arid and Mediterranean climates, compensating
mechanisms (e.g., increased understory growth, surface
evaporation, and transpiration in the remaining trees) can
eliminate or substantially reduce any increases in streamflow or
groundwater recharge associated with moderate forest density
reduction (e.g., Tague et al., 2019). Moreover, any gains are often
predicted to be short-lived as vegetation recovers (e.g., Keppeler
and Ziemer, 1990; Tague et al., 2019) and to vary substantially
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with local climate, topography, and geology (Burke et al., 2021).
Multi-year efforts that measure differences in fluxes during
regrowth (following treatment) are particularly rare (Tague
et al., 2019). These reviews highlight the need for additional
studies to characterize hydrologic effects across a broad range of
site conditions.

Previous work in the mountains of the western U.S.
has shown that reducing the tree density alters both snow
accumulation and melt (Lundquist et al., 2013; Dickerson-
Lange et al., 2015; Currier and Lundquist, 2018; Boisramé
et al., 2019). However, many of the forested elevations in
the Cascade and Sierra Nevada Ranges are transitioning to
warmer conditions and are becoming rain-dominated rather
than seasonal snowpack systems (e.g., Harpold et al., 2014;
Hatchett et al., 2017). Importantly, the impacts of various
management practices on the hydrology of these forests has not
been examined in detail.

An opportunity to investigate these questions arose in
2011, with the funding of the Burney–Hat Creek Basins
Collaborative Forest Landscape Restoration (CFLR) Project
(Basins Project; USDA Forest Service, Lassen National Forest,
2011). In accordance with the CFLR monitoring mandate
(Omnibus Public Land Management Act of 2009, 2009),
Lassen National Forest and its partners in the Burney–Hat
Creek Community Forest and Watershed Group resolved to
explore the feasibility of this approach—thinning to augment
streamflow—for the mixed-conifer forests of the southern

Cascades. However, a more fundamental question needed to
be answered first: Which forest management tools retain water
most effectively in such landscapes (e.g., Grant et al., 2013)? The
more basic nature of this inquiry also allows insights gleaned
from this work to help address urgent questions of forest health,
wildfire risk, downstream water supply, and the vigor of entire
ecosystems.

This project involved instrumenting coniferous stands that
had recently been treated with partial-thinning and near-
complete-removal silvicultural prescriptions. Since this was a
monitoring study, spatial resolution was deliberately exchanged
for longevity (with only limited spatial sampling). This design
decision proved to be fortuitous since it allowed data to
be collected throughout the warm temperature 2012 to 2015
drought—which had dramatic and deleterious impacts on much
of California, the near-record precipitation and flooding of
2017, and their aftermath in 2018 and 2019.

During the study period, the site’s precipitation regime
also changed from snow-dominated to rain-dominated (with
only occasional snow and no spring snowpack). One benefit
of this snow drought (e.g., Harpold et al., 2017) was that
the effects of forest management on snow processes were
essentially eliminated, making these stands representative of
many warming western forests that are experiencing similar
shifts (Siirila-Woodburn et al., 2021).

One of the initial steps was to create a conceptual model
at the stand scale of how removing live trees would affect the

FIGURE 1

Conceptual diagram of the relative change in water balance components in treated stands compared to a dense, untreated forest. The
untreated forest serves as the Control, and the treated stands include a modestly and uniformly thinned forest (Thinned) and nearly-cleared
forest patch with sparse seed trees (Seed Cut). Arrows indicate change in direction and magnitude of parameters relative to the Control, as
observed in this study, except for actual evapotranspiration (ETa), precipitation, and recharge which were not measured and are based on
expected behavior. As thinning intensifies, ETa is expected to decrease (fewer trees transpiring) and recharge is expected to increase (more
precipitation reaching the forest floor). In contrast, reference evapotranspiration (ETo) at 2 m above the forest floor may increase due to
increased shortwave radiation and wind reaching the ground. Treatments also affect minimum (Tempmin) and maximum (Tempmax) air
temperature, and the greatest change was observed in minimum temperatures at nighttime. Soil temperature similarly increased (Tempsoil) in
the Thinned and Seed Cut treatments where fewer trees shaded the ground.
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fundamental fluxes of water and energy for both prescriptions
(Figure 1).

Compared to denser, untreated stands (unmanaged or due
to be thinned), it was expected that:

◦ Thinned stands would have:

1. Less leaf interception, thus more precipitation that
reaches the forest floor;

2. Less canopy transpiration;
3. Potentially higher soil and litter evaporation due to

increased solar radiation and higher wind velocities; and
4. Cooler nighttime minimum temperatures.

◦ Nearly cleared stands would have:

1. The greatest forest floor precipitation and recharge
inputs;

2. Higher levels of potential evapotranspiration at the
forest floor, even as understory vegetation becomes
established;

3. Increased end-of-season soil moisture storage; and
4. The highest wind velocities and coolest nighttime

minimum temperatures.

In general, the highest soil moisture levels were anticipated
to be in the nearly cleared areas because there are few large
trees that are able to tap water deep below the surface (even
though soil evaporation and herbaceous plant transpiration may
be the greatest here as well). However, in terms of wildfire
hazard reduction, a potential negative consequence of nearly
cleared patches is that they also cause shallow soils and forest
litter to dry more rapidly. While deeper soil moisture may be
preserved well into the fire season, the enhanced desiccation of
the litter layer increases the probability of spotting firebrands
causing an ignition—which is a primary method of spread. The
net effect of these treatments on soil moisture will, therefore,
reflect a complex interplay among many different factors, some
of which operate in opposing directions, and vary with season
and antecedent conditions.

While this conceptual framework provides first-order
hypotheses about the expected relative magnitude and direction
of changes, there are substantial uncertainties. As noted above,
previous field and model-based studies have shown considerable
cross-site variation in the amount of additional water that was
returned to the atmosphere via surface evaporation and the
transpiration of the remaining trees and understory.

Site description and methodology

A small, relatively homogeneous forest stand (in both
species composition and physiography) was instrumented after
the recent implementation of two common forest management
strategies: selective thinning and near-complete tree removal in

mid-size (< 1 ha) openings. The two silvicultural prescriptions
used at the site were:

◦ Thinning: Designed to create a forest structure that is
similar to the observed historical pattern of species and
density. It involves removing smaller trees around large
diameter overstory ones and preserving ∼15% of the area
in an unharvested state (e.g., retention islands).

◦ Seed Cut: Intended to promote ponderosa pines that which
are shade intolerant. Within 1–2-hectare-size patches, all
trees—excepting 4–8 ponderosa pines per hectare that are
greater than 0.75-meter diameter at breast height (DBH)—
are removed. Those that are left uncut provide seed for
forest regeneration, and the openings can also be planted
with new seedlings of the desired species composition.
Importantly, Seed Cuts are not readily comparable to
expansive clear-cuts, which can generally be as large as 8
ha in California (California Department of Forestry and
Fire Protection [CAL FIRE], 2022) and 48 ha in Oregon
(Oregon Department of Forestry [ODF], 2021). Visually,
they closely resemble a patch clearing with a few solitary
trees.

A stand that had not been modified recently served as
a control for reference (Figure 1). For simplicity, the terms
Thinned, Seed Cut, and Control, respectively, are used for these
three treatments. Over a period of approximately seven years
(2013–2019), the following variables were monitored:

◦ Air Temperature;
◦ Relative Humidity;
◦ Shortwave Radiation;
◦ Snowfall;
◦ Soil Moisture and Soil Temperature;
◦ Understory Density; and
◦ Wind Speed and Direction

In addition, dendrochronological techniques were
used to evaluate the differences in how sets of trees
responded to treatment.

Geology and climate

The study area is within the Hat Creek Basin of Lassen
National Forest (40.6o N, 121.5o W), in northeastern California.
The physiography of the region has been shaped by recent
volcanism and is located at the southern extent of the Cascade
Volcanic Province. The stands that were monitored (elevation
1640 to 1660 m) are part of a mixed conifer forest, which
is dominated by white fir (Abies concolor) and ponderosa
pine (Pinus ponderosa). The average annual precipitation over
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the 56-year record is 1053 mm, as measured at a long-term
weather station (Manzanita Lake) 7 km west of the project
and ∼130 m higher in elevation. The precipitation regime is
winter-dominated and, historically, moisture has primarily been
received as snow. However, since monitoring began in 2013, the
site has undergone a shift to being rain-dominated and snow
cover has never been continuous through the cold months—
consistent with other locales in the Cascades and Sierra Nevada
at similar elevations (e.g., Hatchett et al., 2017). Since this change
was not anticipated at the outset—and the remoteness of the
location precluded the installation and maintenance of heated
rain gauges—precipitation was not continuously measured.
Therefore, the adjacent Manzanita Lake meteorological record
was used as a substitute (Figure 2B).

In addition, the study period was coincident with both
significantly below-average and significantly above-average
precipitation years. This stretch of drought (2012–2015) and
recovery (2017) impacted all of California and the western U.S.,
but was not as profound at this northern latitude as it was
in the southern and central portions of the state. Throughout
the Sierra Nevada, its severity was exacerbated by significant
increases in maximum daily temperatures (AghaKouchak et al.,
2014). Figure 2A displays the annual (by Water Year [WY]—
October to September) precipitation and temperature deviation
recorded at the Manzanita Lake station. Due to there being
missing observations in those data (starting in 2008), gridded
values generated by the Parameter-elevation Regressions on
Independent Slopes Model (PRISM) (PRISM Climate Group,
2019) are also displayed as a secondary source. Both datasets
in Figure 2 document that there was/were: (1) generally warm
conditions after the year 2000, (2) four consecutive years of well-
below-average precipitation and historically anomalous, warm
temperatures in the region at the beginning of site monitoring
in 2013, (3) an unusually wet winter in 2017, and (4) average
precipitation in 2018 and 2019. Of additional interest is that
temperatures remained elevated after the drought ended.

The region is underlain by young (< 3.5 Ma age) volcanic
rocks, which are primarily highly fractured andesite, with
adjacent areas of basalts, dacites, and rhyolites (Clynne and
Muffler, 2010). The Basaltic Andesite of Red Mountain, a
fractured lava, underlies the entire study area (Clynne and
Muffler, 2010). The soils were classified as the Yallani family
(USDA Forest Service Pacific Southwest Region, 1994), with the
following horizons and average depths:

◦ [0–20 cm] A Brown to Dark Brown Gravelly Fine Sandy Loam

◦ [20–60 cm] Bw Brown to Dark Brown Gravelly Fine Sandy Loam

◦ [60–100 cm] BC Dark Yellowish-brown Very Gravelly Fine Sandy Loam

◦ [100–150 cm] C Dark Yellowish-brown Gravelly Sandy Loam

Soil depths range from zero at small outcrops to
greater than a meter. They are extremely well drained,

which accounts for the limited overland flow and
paucity of drainage channels. The primary outflow of the
catchment is through groundwater-supported springs,
located ∼10 km east of the project area (Serpa, 2020).
They discharge ∼3 m3 s−1 and, during dry periods,
often provide the majority of the flow in Hat Creek.
However, the spatial extent of catchments within the
Lassen Volcanic Center is difficult to estimate due to
the complex geology and potential for subsurface flow
across topographic divides (Rose and Davisson, 1996;
Rose et al., 1996).

Forest structure

One of the overall land-management goals of Lassen
National Forest is to restore stands, as closely as practicable,
to their historical conditions. These include their having
variable overstory canopy cover, lower densities of trees, and a
dominance of fire-resistant tree species (USDA Forest Service,
Pacific Southwest Region, 2004). At this specific location, the
Forest was seeking to boost both the overall population and
relative abundance of ponderosa pine (USDA Forest Service,
Lassen National Forest, 2008). Thinning was done in the
summer of 2011 as part of the Panner Timber Sale, under the
North 49 Environmental Impact Statement (EIS) (USDA Forest
Service, Lassen National Forest, 2008). These stands are shown
both before (2010; Figure 3A) and after (2012; Figure 3B)
harvest. The distribution of the Seed Cut, Thinned, and Control
areas is readily visible (Figure 3B). Figure 3C presents the
underlying topography.

Following treatment, four meteorological and soil moisture
monitoring sites were established: two in the Thinned (Thinned-
West and Thinned-East) and one each in the Seed Cut and
the unaltered Control (Figure 3D). Unless otherwise stated,
Thinned refers to the Thinned-West site, where most of the data
were collected and whose slope and aspect are nearly identical to
the others. Each monitoring site was as centrally located within
its associated treatment stand as was feasible.

To quantify differences in forest structure, 12 forest plots
were established across the three stands (Figure 3D). Vegetation
data were collected in 2014 (three years after treatment) using
the U.S. Forest Service Common Stand Exam Protocol (USDA
Forest Service, 2014), which included measurements of tree
size and density, composition, overstory canopy, understory
plant cover, and ground cover. Comparisons of forest variables
among treatments were made with a one-way analysis of
variance (ANOVA) and differences between treatments were
tested using a post hoc Tukey’s test. Variables were square
root transformed to meet ANOVA assumptions of normality
and homoscedasticity. All analyses of forest stand conditions
were conducted in JMP R©, Version 11.2 (SAS Institute Inc.,
Cary, NC).
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FIGURE 2

(A) Water year (October–September) deviation of air temperature and precipitation from the 1949–1999 long-term average. Manzanita Lake
data were from (station ID: USC00045311, located approximately 7 km west of the study site (40o 32′, 122o 34′). The PRISM data were derived
from the monthly, 4 km spatial resolution data product AN81m. (B) Monthly potential evapotranspiration for Manzanita Lake and the study site
(lines), plotted with monthly precipitation (bars) at Manzanita Lake for the study period (2014–2019). Note the different legend symbols between
(A,B).

Below-canopy meteorology

At each monitoring site (Seed Cut: n = 1; Thinned:
n = 2; Control: n = 1), climate and soil moisture were
continuously collected using a wireless, self-organizing nodal
network. Each node consisted of a wireless meteorological
station (eKo PRO Series ES2000 Memsic, Inc.; Andover, MA)
that recorded wind speed (0.5–89 ± 0.1 m s−1) and direction
(0–359 ± 1◦), relative humidity (0–100 ± 1%), barometric
pressure (880–1080 ± 0.1 mbar), incoming solar radiation (0–
1800 ± 1 W m−2), and air temperature (−40–60 ± 0.5oC),
as well as soil moisture loggers at four depths (see the Soil
Moisture section). Values in parenthesis refer to range and
resolution, respectively.

Data points outside of the range of each sensor were
removed, and in the case of wind speed, values below

the minimum resolution (0.5 m s−1) were set to 0.0 m
s−1. All meteorological instrumentation was located two
meters above the forest floor, and therefore took below-
canopy measurements. The 15-min data were averaged
to daily (24-h) timesteps, with the exception of solar
radiation, which was expressed as a daily cumulative
sum in megajoules.

Vapor pressure deficit (VPD) was determined using the daily
average of temperature and relative humidity. Daily reference
evapotranspiration (ETo) was calculated per treatment using
the Penman-Monteith equation with daily VPD, temperature,
and wind speed (as recorded at each station). However, since
the canopy-top shortwave radiation value for all three was best
represented by that of the Seed Cut, it was used exclusively.
Mean monthly ETo was computed by taking the mean of
daily ETo (Allen et al., 1998). Small tipping bucket rain
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FIGURE 3

Unit 321 of the Panner Timber Sale (40.6◦ N, 121.5◦ W), both (A) before (Aug 4, 2010) and (B) after (July 3, 2012) the 2011 timber harvest
[National Agricultural Imagery Program (NAIP), Manzanita Lake NE Digital Orthophoto Quarter Quadrangle (DOQQ), published by USDA Farm
Service Agency Aerial Photography Field Office, Salt Lake City UT]. (C) One-meter LiDAR bare Earth DEM hillshade showing site topography
(Burney–Hat Creek Basins CFLR Project Data, Lassen National Forest; acquired 2015). (D) Locations of stand treatments, forest infrastructure,
study instrumentation, and vegetation plot sites. West and East locations of the Thinned monitoring sites are labeled (all discussion in the text
refers to the West site unless Thinned-East is specified). Contour interval is 12.19 meters, and displayed elevations are rounded to the nearest
meter. Public Land Survey System (PLSS): T: 32 N, R: 4 E, S: 20 and 29, Mount Diablo Meridian. Hat Creek Ranger District, Lassen National Forest;
Shasta County, California, United States.

gauges were deployed at each monitoring site but quickly filled
with debris, which precluded consistent acquisition of data.
A qualitative assessment of snowpack was made at each one
by using a time lapse cameras that were aimed at graduated

snow stakes (in tenths of a foot). A photo was taken every
4 h, and snow depth was taken to be the distance from the
top of the pack to the nearest hatch mark (and converted in
to centimeters).
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Soil moisture

Adjacent to each meteorological station, in a single augured
hole, soil moisture content sensors (eS1110 Decagon EC-5,
Campbell Scientific, Logan, UT) were installed horizontally,
with one at each depth of 15, 30, 50, and 100 cm. Their stated
accuracy was 2%, with a resolution of 0.25% volumetric water
content (Decagon Devices, Inc.). Each sensor was surrounded
by a small (∼2 cm deep) layer of sieved (< 2 mm) soil
from the same depth.

The soil texture at each sensor depth (in all boreholes)
was estimated by using laser particle size analysis for the size
fraction below 2 mm (Gaffney, 2016). Above 15 cm, soils were
loam with pine needle duff. Below that point, they were all
similar and ranged from loam (n = 3) to silt loam (n = 1).
This is likely because: (1) the primary soil-forming process was
in situ weathering of the same parent material (Red Mountain
Andesitic Basalt) and (2) the stands had similar slopes and
aspect. Bedrock was not encountered in any of the soil borings.

High frequency excursions that greatly exceeded the soil
porosity (values > 50% volumetric water content) were rejected
as being outliers. A weighted average by depth from the 30,
50, and 100 cm data was calculated to serve as an integrated
soil moisture storage metric (referred to by that name). In
late 2018 and 2019, the 100 cm sensor in the Control was
not functional. Its value was, therefore, approximated by using
linear least squares regression between the 50 and 100 cm depths
(R2 = 0.99) on the data that were available from it. The lag in
the soil moisture recession between each monitoring site was
determined by taking the difference between the dates when
each one reached the same value, rounded to the nearest 0.5 cm
(e.g., 27, 26.5, 26, etc.).

All analyses of micrometeorological and soil moisture data
were conducted in R Software v.4.0.3 (R Core Team, 2020)
using the Tidyverse Package v.1.3.0 (Wickham et al., 2019).
A non-parametric Kruskal-Wallis rank sum test with a pairwise-
Wilcoxon post hoc test with Holm correction was used.

Tree basal area increment

In September 2019, 24 ponderosa pines were sampled from
each stand (Seed Cut: n = 6; Thinned: n = 6; Control: n = 12;
Figure 3D). They were selected based on their proximity to
monitoring sites, DBH (> 64 cm), and health. Two opposing
cores were collected from each one, 1.3 m above the ground.
These were extracted by using a 5 mm (n = 30) and a 12 mm
(n = 18) increment borer. Specimens were mounted, sanded
until the cellular structure was visible through a binocular
microscope, and then scanned at 2,400 dpi with an Epson
platform scanner. Ring widths were measured to the nearest
0.001 mm using CooRecorder v7.8 (Cybis Elektronik & Data AB,
Saltsjöbaden, Sweden). All cores were crossdated by assigning

calendar years to each ring and matching growth patterns
visually using the list method (Yamaguchi, 1991). Their common
interval was from 1891 to 2019. The mean correlation of
individual series to the aggregate of all other series was 0.52
(Stokes and Smiley, 1968).

Basal area increment (BAI) was calculated from ring widths
and tree diameter inside the bark, as implemented in the
BAI.out() function of the dplR package (Bunn, 2008), and are
reported for each treatment with the standard error.

Results

Forest structure

As expected, the three stands exhibited significant
differences in forest structural attributes (Table 1). Tree
density was significantly greater in the unaltered Control
(p < 0.001), which had an average number of trees per hectare
(mean = 1099 trees ha−1) that was more than seven times
greater than that of the Thinned stand (mean = 144 trees ha−1).
Differences in density between the three were predominantly
due to the abundance of trees in the small (3–15 cm DBH) and
intermediate (15–28 cm DBH) size classes within the Control.
In the Seed Cut, the randomly placed forest plots did not include
any trees at all. Post-treatment imagery, however, showed that
the density was about 4–8 trees ha−1 (Figure 3B).

The average canopy cover in the Control plots was more
than twice that in the Thinned plots. Likewise, in the high-light
environment of the Seed Cut, a significantly greater percentage
of the plots were covered by herbaceous plants and shrubs
(mean 20.9%) than those in the Thinned (2.1%) or Control
(1.6%) stands (Table 1). They also had the highest percentage of
exposed bare ground (11.7%), whereas the ones in the Control
had the highest litter cover (67.0%). The dramatically lower
canopy cover and density in the Thinned and Seed Cut strongly
influenced their below-canopy climate and soil moisture. As
with tree density, the random plots within the Seed Cut were
such that they had 0% canopy cover. LiDAR-based data products
yielded a canopy closure of <2%, which is consistent with a seed
cut prescription.

Below-canopy meteorology

Monthly averages of all meteorological parameters were
used for comparisons (Table 2). Since the monitoring sites
are fairly close to each other and the spatial extent of the
treatments is modest, conditions at each stand may not
be mutually independent (particularly for wind speed and
direction). However, since this was an actual unit of a USFS
commercial timber sale, their size and other properties represent
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standard practice. Thus, the differences observed in this study
are likely to occur at the field scale.

Monthly average temperature minimums (i.e., nighttime)
were slightly below freezing in the winter (Figure 4A). They
were also significantly warmer in the Control during most of
the year (February–October) than they were in the Thinned
and Seed Cut—which were not significantly different from
one another (Figure 4A and Table 3). Differences between
the Control and the treated sites were the greatest during the
summer and fall, when minimum temperatures in the Control
ranged from being 1.80◦C higher in June to as much as 2.37◦C
higher in September (Figure 4A).

The average daytime maximum temperatures also
document the relatively warm winters (> 0.0 o C). Monthly
mean daily maxima were significantly warmer in the Thinned
and Seed Cut sites in the winter months, whereas the Control
site typically showed ones that were 1–3◦C cooler during
the daytime (Figure 4B). In contrast, there was generally no
significant difference between them in the Thinned and Seed
Cut, except for the during summer months of July and August
(Table 3).

The VPD reached its maximum for all monitoring sites in
mid/late summer, coincident with the timing of the greatest

TABLE 1 Summary of forest structure metrics by stand.

Variable Control Thinned Seed cut

Forest vegetation distribution

Tree density (trees
ha−1)

1099.2
(± 135.9)a

144.1 (± 24.2)b 0 (± 0)c*

Mean tree height (m) 14.4 (± 0.4)a 32.5 (± 3.8)b

Mean DBH (cm) 27.9 (± 3.5)a 61.1 (± 9.2)b

Mean crown radius
(m)

1.2 (± 0.1)a 2.8 (± 0.6)b

Height to live crown
(m)

7.4 (± 0.4)a 14.1 (± 2.2)b

Canopy cover (%) 75.3 (± 3.9)a 37.2 (± 3.3)b 0 (± 0)c*

Ground cover distribution

Shrub and
herbaceous species
cover (%)

1.6 (± 0.4)a 2.1 (± 0.6)a 20.9 (± 5.2)b

Bare ground (%) 0.4 (± 0.3)a 4 (± 1.3)a 11.7 (± 3.5)b

Litter (%) 67.2 (± 8.4)a 39.3 (± 5.9)b 29.4 (± 5.3)b

Rock (%) 1.5 (± 0.4) 2.1 (± 0.7) 1.8 (± 0.2)

Down Wood (> 3”
diameter) (%)

22.2 (± 3.6) 31.2 (± 8.6) 24.4 (± 2.6)

For each variable, significant difference was determined by a post hoc Tukey’s test
(p < 0.05). Superscript letters indicate significant difference wherein a is significantly
different from b,c . Values without superscripts were not significantly different among
treatments. *Values of 0 reflect the random sampling method used, wherein plots happen
to be far from seed trees. Values of 4–8 trees ha−1 (tree density) and < 2% (canopy cover)
were inferred from aerial imagery and LiDAR.

annual differences in air temperature and minimum soil
moisture storage (discussed below). It rapidly declined in
October and November, consistent with the onset of seasonal
precipitation. Differences in VPD between monitoring sites
were generally small (<< 1 kPa). However, for most of the year,
it was the highest at the Control site and was significantly greater
than the other two treatments during several summer months
(Figure 4C and Table 3).

There were significant differences in incoming shortwave
radiation amongst the sites (Table 2). The near-complete
removal of trees in the Seed Cut treatment significantly
increased the median shortwave radiation flux at the forest floor
in all months (Figure 4D and Table 2). During most of the year,
it received almost twice as much solar radiation as the Thinned
and Control sites. Only in January did the shortwave radiation
dip, which was due, in part, to the sensor being shaded by trees
at the edge of the Thinned treatment.

During the winter the Thinned site received significantly
more shortwave radiation than the Control site did (Table 3).
Surprisingly, it also showed equal or lower levels relative to the
Control during the spring and summer (Figure 4D), although
this is likely an artifact caused by the location of the Control
monitoring station. It was situated beneath a small, anomalous
opening in the canopy (chosen to allow better solar charging of
the meteorological instruments, while minimizing cable length),
which let direct sunlight reach the pyranometer when sun
angles were high (i.e., in the summer). This likely caused it to
receive more shortwave radiation than the surrounding thick
forest did. During winter months with lower sun angles, the
denser canopy of the Control generally shaded the monitoring
site and shortwave radiation was reduced, compared to the
Thinned.

Wind speeds (measured 2 m above the forest floor) also
showed significant differences among the monitoring sites
(Table 2). In all months, the average at the Control site was
much lower than that of either the Thinned or Seed Cut sites
and was often below the minimum reported measurable value
of the sensors (0.5 m s−1). In contrast, at the Thinned and Seed
Cut sites, it was between 1 and 2 m s−1. The high tree density
in the Control corresponded to significantly lower wind speeds
relative to those measured in the treated stands (Figure 4E;
Table 2).

The similarity in wind speeds between the Thinned and
Seed Cut sites may be influenced by (1) minimal understory
and/or a large distance (14 m; Table 1) from the forest floor to
the base of the canopy in the Thinned stand, (2) a small fetch
within the Seed Cut area (∼0.8 ha), and/or (3) the Thinned
monitoring site being located ∼150 m from the Seed Cut site.
Analysis also suggested that there was a slight difference in the
predominant wind directions, despite the proximity of the two
(less than 150 m apart) and their similar slope and aspect. At
the Thinned site, the winds were mostly from the southwest (the
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TABLE 2 Kruskal–Wallis p value among monitoring sites, significant at 0.05 (bold).

Month Air
tempmin

(◦C)

Air
tempmax

(◦C)

Wind
speed

(m s−1)

Shortwave
radiation

(MJ)

Vapor pressure
deficit
(kPa)

Deep soil
water storage

(cm)
p p p p p p

1 0.13 0.01 < < 0.05 << 0.05 0.19 < < 0.05

2 0.01 0.27 < < 0.05 << 0.05 < < 0.05 << 0.05

3 0.02 0.20 < < 0.05 << 0.05 0.11 < < 0.05

4 0.05 0.33 < < 0.05 << 0.05 0.21 < < 0.05

5 << 0.05 0.09 < < 0.05 << 0.05 0.04 < < 0.05

6 << 0.05 0.05 < < 0.05 << 0.05 0.03 < < 0.05

7 << 0.05 < < 0.05 << 0.05 < < 0.05 << 0.05 < < 0.05

8 << 0.05 < < 0.05 << 0.05 < < 0.05 << 0.05 < < 0.05

9 << 0.05 0.30 < < 0.05 << 0.05 0.12 < < 0.05

10 << 0.05 0.21 << 0.05 << 0.05 0.22 << 0.05

11 0.19 < < 0.05 << 0.05 < < 0.05 0.26 < < 0.05

12 0.11 0.04 << 0.05 << 0.05 0.02 << 0.05

expected direction for this region), while at the Seed Cut site,
they primarily came from the south and southeast.

Snow was rarely a component of the total precipitation in
most years and typically lasted for less than a week. The one
exception was Water Year 2017, which produced snow-covered
conditions for a short portion of the winter in late February and
early March. The maximum snow depths for each monitoring
site at this time were: Seed Cut = 53 cm, Thinned = 25 cm, and
Control = 14 cm. While these results are generally consistent
with previous work in maritime snow-dominated forests in
which thinning was found to increase the amount of snow
that reached the forest floor (e.g., Musselman et al., 2008), no
conclusions can be made from these limited observations. They
are included only to show that the wet winter of 2017 recorded
at Manzanita Lake (Figure 2B) was visually apparent in the
study area.

Soil moisture

In most field areas, assessing soil moisture dynamics is
challenging because of soil heterogeneities. While they were
minimized to the extent practicable, due to the limited
spatial replication of moisture probes, this analysis focused on
integrative measures and end-point measurements, which are
less susceptible to the influence of spatial variabilities than mid-
range water potentials—and it only drew broad conclusions.

Soil textural heterogeneities will usually cause much larger
soil moisture spatial variabilities in mid-range water potentials
than at either the wet or dry end of the retention curve
(Vereecken et al., 2007). When soils dry, the spatial variance
in their volumetric moisture content will grow and then begin
to decline again as the process continues. In contrast, field

saturated values generally show only small variations (for similar
soil textures), just as with end of season, or even wilting point,
contents.

Soil moisture at all depths rapidly responded to winter
rains, and typically reached maximum water content in early
December of each year. Figure 5A shows the time series of
integrated storage over the six winter and summer seasons for
each monitoring site. Gaps in the record represent periods when
two or more of the sensors failed (usually from animal damage).
Individual rainstorms through the winter can be readily seen as
short duration spikes in water content (Figure 5A).

The maximum storage in the upper 100 cm was similar
across all three monitoring sites (approximately 25 cm of
water), although the Thinned-West site consistently had∼5 cm
greater maximum storage than even the Seed Cut site. Since the
Thinned Treatment area should have more interception than
the Seed Cut, it would be expected to have an intermediate
maximum storage capacity rather than being greater—if storage
were only controlled by precipitation. These differences are,
therefore, likely related to small variations in soil texture
between the monitoring sites (Gaffney, 2016). This finding,
that the maximum stored water is similar across treatments, is
consistent with previous work. The differences in soil moisture
storage measured by Young et al. (2012) in similar thinning
treatments on an adjacent forest were also small and had
inconsistent trends.

In contrast, soil moisture minima were quite different across
the three of them (Figure 5A). The end-of-season water storage
at the Seed Cut site ranged from 15 to 20 cm, or 15–20% by
volume, while at the Control, it varied from 7–9 cm, or 7–
9%. Whereas at the Thinned site, it was intermediate between
the other two, at ∼11 cm, or 11% by volume. While this is a
small difference, the ranking of end of season soil moisture was
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FIGURE 4

Meanmonthly micrometeorological data derived from daily (24-h) averages at the three monitoring sites. Note variation in y-axis scales.
(A) Nighttime minimum air temperature. (B) Daytime maximum air temperature. (C) Mean vapor pressure deficit (VPD) calculated from paired
temperature and relative humidity. (D) Cumulative flux of shortwave radiation. (E) Mean wind speed. Plotted points represent data 1.5 times the
interquartile range. Median values are given in Table 3.

consistent across all years and precipitation regimes. Every year,
the Control reached the lowest stored water volume.

The onset of soil moisture recession varied both by
treatment and water year (Figure 5B). During dry years (WYs
2014 and 2015), it was occurring in the Control site through
most of the winter months, while at the Thinned and Seed Cut
sites, it only began in late spring. However, in wet years (for
example, WY 2017), it started concurrently in the late spring at
all three sites. These differences are apparent in the lag times
observed for the monitoring sites in the treated areas to achieve
the same integrated soil moisture values that the Control had
earlier in the season (Figure 5C).

During dry years (WYs 2014 and 2015), the Thinned and
Seed Cut sites attained given soil moisture values 60 and
100 days later than the Control, respectively (Figure 5C). In wet
years, they all generally reached similar levels about 30 to 40 days
after the onset of recession (late March).

Tree basal area increment

As a result of the complex interplay between climate, light,
moisture, and nutrient availability, the mean BAI of each studied
stand changed considerably over the common time interval
of 1891 to 2000. In addition to previous rounds of thinning,
the forest may have also been impacted by wildfire, insects,
and/or disease (White, 2022). Therefore, only data from the year
2000 onward are presented—when the climate and all forest
management activities are well documented and stand structure
is known not to have been altered appreciably. (However, the full
BAI dataset is available online).

Between 2000 and 2010, the trees in all three stands had
similar BAIs: approximately 2,500 mm2 per year (Figure 6).
This period was generally warmer than the long-term average.
While 2006 was a wet year (Figure 2A), its influence does
not appear to be reflected in the collected cores (Figure 6).
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TABLE 3 Median monthly parameter values at monitoring sites.

Month Treatment Air
tempmin

(◦C)

Air
tempmax

(◦C)

Vapor
pressure

deficit
(kPa)

Shortwave
radiation

(MJ)

Wind
speed

(m s−1)

Deep soil
water storage

(cm)

1 Control
Thinned
Seed Cut

−2.27
−3.13
−3.17

4.55a

6.25b

6.33b

0.20
0.14
0.15

1.57a

2.57b

5.13c

0.00a

1.95b

0.55c

23.71a

28.53b

24.85c

2 Control
Thinned
Seed Cut

−1.73a

−2.83b

−2.97b

6.04
4.60
4.22

0.26a

0.16b

0.15b

2.54b

2.85b

6.19a

0.02a

2.12b

1.49c

24.80a

29.40b

25.86c

3 Control
Thinned
Seed Cut

−1.35a

−1.89b

−2.11b

8.42
8.14
9.39

0.32
0.25
0.32

4.73a

3.79b

10.82c

0.04a

2.40b

1.82c

24.74a

30.29b

26.31c

4 Control
Thinned
Seed Cut

−0.25
−1.02
−0.85

11.68
10.48
11.44

0.38
0.34
0.38

8.84a

5.27b

16.82c

0.12a

2.37b

1.85c

22.81a

29.83b

25.82c

5 Control
Thinned
Seed Cut

2.71a

2.08b

1.94b

17.13
16.29
17.59

0.65
0.54
0.65

8.81a

7.18b

20.55c

0.17a

2.15b

1.41c

19.86a

28.47b

25.50c

6 Control
Thinned
Seed Cut

7.44a

5.68b

5.62b

25.33
23.64
24.74

1.24
1.04
1.16

8.45a

7.62b

23.02c

0.13a

2.08b

1.53c

16.68a

24.81b

23.87c

7 Control
Thinned
Seed Cut

9.25a

7.59b

7.75b

27.54b

26.27a

27.25b

1.38b

1.24a

1.37b

8.00a

7.17b

22.22c

0.11a

1.99b

1.39c

12.75a

18.10b

21.05c

8 Control
Thinned
Seed Cut

8.55a

7.1b

7.17b

26.79b

25.8a

26.7b

1.42b

1.23a

1.40b

7.58a

6.58b

18.44c

0.13a

2.26b

1.51c

10.27a

14.35b

18.50c

9 Control
Thinned
Seed Cut

6.58a

4.54b

4.64b

23.48
22.96
23.65

1.14
1.08
1.22

5.73a

3.76b

13.80c

0.14a

2.13b

1.39c

9.26a

12.10b

17.85c

10 Control
Thinned
Seed Cut

2.00a

0.83b

0.61b

15.56
15.88
16.53

0.57
0.55
0.63

2.84a

3.90b

10.66c

0.06a

2.20b

1.19c

9.07a

11.91b

18.40c

11 Control
Thinned
Seed Cut

−1.52
−2.27
−1.81

5.30a

7.49b

7.59b

0.27
0.18
0.17

1.35a

2.73b

5.50c

0.00a

1.99b

0.52c

13.50a

21.69b

24.72b

12 Control
Thinned
Seed Cut

−3.87
−4.75
−4.22

3.87a

4.23b

4.58b

0.19a

0.10b

0.11b

1.05a

2.30b

4.78c

0.00a

1.88b

0.55c

23.23a

29.00b

24.58c

For each month and variable, significant difference was determined by a pairwise Wilcoxon test (p < 0.05). Superscript letters indicate significant difference wherein a is significantly
different from b,c. Values without superscripts were not significantly different among stands in the given month.

In the decade after timber was removed, from 2010 to
2019, annual increases in BAI diverged. In the Control, it
remained at around 2,500 mm2 per year. Whereas in the
treated areas, it ranged between ∼4,000 to ∼6,000 mm2

per year in the Thinned stand and ∼6,000 to ∼8,000 mm2

per year in the Seed Cut (Figure 6). As with the pre-
treatment decade, the post-treatment one was also warmer
than average and had an exceptionally wet year (2017;
Figure 2A).

Even though there were climatic extremes from 2015 to
2017 (the peak of the drought to near-record precipitation)
that may be superimposed on the rate of BAI growth, the

fact that it was similar both in the decades before and after
treatment (Figure 2A) suggests that it alone does not account
for the patterns that were seen in the cores. In addition,
BAI values rose the most dramatically in the Thinned and
Seed Cut stands two to three years after treatment—which
is consistent with the timescale for tree roots to access
newly available moisture and nutrients during the growing
season (Moore et al., 2008). These observations comport with
those seen in ponderosa pine stands elsewhere (e.g., Moore
et al., 2008) and suggest that the implementation of the
density reduction prescriptions in 2011 caused an increase
in BAI.
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FIGURE 5

(A) Integrated soil moisture storage calculated as a depth-weighted average of sensors at 30, 50, and 100 cm below ground surface in each
stand. Estimated values were derived from linear regression of the 50 and 100 cm sensors. (B) Differences in soil moisture depletion during the
growing season between dry (2014, 2015) and wet (2016, 2017) water years. Data are the same as in A, but overlain with a LOESS locally
weighted smoothing function. Shaded rectangles indicate the region used to calculate lag in (C). (C) Lag time in days of the treatment to
achieve the same moisture values as (Control) or (Thinned). Here, “same” is defined as the nearest 0.5 value in the shaded region and results in a
distribution of lags, which are visualized as boxplots. Mean lag (thick horizontal bar) was used in the text to describe differences in soil moisture
recession (e.g., in 2015, Seed Cut soil moisture depletion lags Control depletion by about 120 days, while in 2017 the lag was about 40 days).
Boxplots are staggered in each year for clarity.

Discussion

As the rapidly changing climate alters disturbance regimes,
it is critical for land managers to understand how forest
structure modifications can influence below-canopy climate,

water storage, and soil moisture availability. The proximity
and comparability of stands that were treated with two
common thinning prescriptions and a control allowed both
the conceptual model (presented in Figure 1) and the local
hydrologic effects of this precipitation regime transition to
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FIGURE 6

Growth measured as mean basal area increment (BAI) of trees in each stand for the approximate decades before and after thinning prescriptions
were implemented (2011, dashed line). Bands represent the standard error for each stand (number of samples are Control = 12, Thinned = 6,
Seed Cut = 6).

be directly evaluated. While most of these datasets describe
conditions specifically at a monitoring site, the differences
in BAI across the stands suggest that the stations are
generally representative of their associated treatment area.
The meteorological and soil moisture findings are not only
concordant with expectations, but also demonstrated that some
environmental parameters (e.g., wind speed and radiation)
are more sensitive to thinning treatments than others. This
provides a novel insight into how key hydrologic processes
respond to forest management in years with precipitation
extremes.

Below-canopy meteorology: General

Both prescriptions caused subtle, yet statistically significant,
differences in below-canopy meteorology that follow what
one would predict from energy budget considerations alone
(Table 2). For instance, compared to the unaltered Control,
the Thinned and Seed Cut sites had higher daily maximum
temperatures during the winter months, typically 1–3 oC
warmer, which is consistent with differences in forest structure
between treatments (Table 1). Dense canopies, like those found
in the Control, have been shown to limit the amount of solar

radiation that reaches the forest floor (Ma et al., 2010). In
contrast, there was generally no significant difference between
the maximum temperatures in the Thinned and Seed Cut.

Minimum (nighttime) monthly temperatures were
significantly warmer in the Control compared to the Seed
Cut and Thinned, which was likely due to there being (1) higher
below-canopy longwave radiation, (2) less access to night sky
radiation (Lundquist et al., 2013), and (3) decreased canopy
ventilation. These warmer nighttime lows increased the VPD in
the Control and, therefore, could potentially cause additional
evaporation (and possibly nighttime transpiration) and soil
moisture depletion.

However, large differences in tree densities may not translate
into correspondingly greater changes in key meteorological
conditions. For example, in almost all months, the Seed Cut
received significantly more (up to two times) incoming solar
radiation than the others. Yet in the winter months, while
the Thinned stand did receive more shortwave radiation than
the Control, as would be expected, the difference between
them was small. This suggests that, even though tree density
and canopy cover were much greater in the Control plots
than in the Thinned ones (Table 1), at the stand scale, the
total shading was similar. This can be verified by looking
at the canopy closure (as opposed to canopy cover) of the
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Thinned stand, which ranged from 90–100% (O’Halloran,
2018).

Thus, while tree density has been shown to have an impact
on canopy temperatures, the silvicultural prescription used for
the Thinned stand did not have an appreciable impact on forest
floor shading. Importantly, since forest litter would not be
subject to as much drying, this treatment is likely to reduce the
risk of wildfire.

The moisture content of dead and down fuels is also
strongly controlled by the amount and timing of precipitation.
However, since precipitation, canopy throughfall, and stemflow
were not successfully measured, their effect on vegetation
cannot be determined. Accurate recording of interception
would require a spatially dense sampling network in each
treatment for multiple storm events (Crockford and Richardson,
2000). Previous studies also suggest that throughfall will
generally increase with the degree of thinning (Simonin
et al., 2007; Molina and del Campo, 2012), although tree
species and rainfall intensity can significantly alter this
relationship.

Increasing rainfall intensity and duration will typically
reduce the relative magnitude of interception, and higher tree
basal areas will likely increase the importance of stemflow.
Lassen National Forest is subject to long duration, moderate
intensity winter rainfall, thus interception losses will probably
be less controlled by stand density and compensated for by
stemflow in the thicker canopies. Since the effects of interception
and stemflow in this study were not well constrained and have
a significant impact on fuel ignitability, this is an urgent, open
research question for the Southern Cascades region.

Below-canopy meteorology: Wind

Lower wind speeds in dense stands have been shown to
greatly reduce both wind penetration and the efficiency of
ventilation, which results in higher winter temperatures (Chen
et al., 1995; Klein et al., 2021). In the Control, the abundance
of small and intermediate trees in the understory, as well as the
lower height to live crown (Table 1), caused wind speeds to be
lower than in areas that were harvested. However, the difference
between the Thinned and Seed Cut was less than might be
expected (Figure 4E; Table 3). It was initially assumed that the
presence of some trees around the Thinned site would result in
it having lower wind speeds than the Seed Cut, which effectively
had no trees below-canopy (where wind speed was measured).
Surprisingly, it was slightly, but still significantly, lower in the
Seed Cut than in the Thinned stand.

Other studies (e.g., Kane, 2021) have attributed low wind
speeds in relatively open stands to slight topographic differences
between study areas and the inability of instruments to detect
low speeds. In this monitoring project, the meteorological
stations were close enough to each other that their topographies

were similar (confirmed by LiDAR altimetry, see Figure 3C) and
laboratory testing of the anemometers ruled out the possibility
of inconsistencies in their calibration. Therefore, the observed
variations may be the result of local fetch controls on boundary
layer turbulence. Edge effects from the Seed Cut may have
induced a vertical component to the wind vector (unresolvable
by the horizontally mounted cup anemometers). While the
differences were small (∼0.5 m s−1), the data suggest that, at
a local scale, the clearing prescription studied (< 1-hectare seed
cut) may have a minor impact on wind speed and direction.

Soil moisture and tree growth

The integrated soil moisture storage timeseries for all four
monitoring stations (the three that have been discussed thus
far plus Thinned-East) showed similar maximum water storage
patterns (Figure 5A). In all cases, it was high (ranging from 25
to 30 cm) prior to the onset of recession. The average annual
precipitation was ∼100 cm and, even with expected loses to
interception, there was more than sufficient infiltration to bring
the soils up to full storage capacity during each winter, across all
treatments. Since there was only minimal evidence of overland
flow, and almost all the annual precipitation comes during
the winter (when transpiration and evaporation are much
less influential than during the summer), once the integrated
soil moisture storage is filled (∼25–30 cm), the remaining
precipitation most likely infiltrates below 100 cm.

While hydrologic models have consistently predicted that
changes in vegetation density would have a significant effect
on soil moisture (e.g., Rodríguez-Iturbe and Porporato, 2007),
few direct field measurements have captured this behavior. In
these stands, the degree of depletion at the end of the summer
was strongly influenced by treatment. The amount of moisture
remaining at the end of the season was always the greatest
in the Seed Cut and least (driest) in the Control. Whereas
in the Thinned, it was close to, but still more than, that of
the unthinned forest. The same pattern was seen in Thinned-
East (Figure 5A), despite it having a different slope and aspect
(Figure 3C). In the Seed Cut, the magnitude of this difference
is much greater than that which was observed in maximum
storage.

Soil moisture patterns demonstrated that stand density is a
control on end-of-season storage. Since the moisture recession
characteristics of the Thinned and Control sites are more similar
to each other later in the summer, the relationship between
them does not appear to be linear (Figures 5A,B). In contrast,
the Seed Cut retained almost twice as much moisture in the
upper 100 cm as the others. This suggests that the remaining
trees in the Thinned stand are still able to access and utilize
almost all of the water available at this depth range through their
roots, either via existing overlaps or new growth. Additionally,
it is worth noting that multiple ecophysiologal studies have
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found evidence of trees exchanging water with other trees in
moisture limited environments (Klein et al., 2016; Cabal et al.,
2020).

The near-complete absence of trees in the Seed Cut, on the
other hand, causes additional moisture to be retained in the
upper 100 cm. This observed increase in late season storage
from clearing is consistent with the fire impact models of both
Boisramé et al. (2019) and Stephens et al. (2021). Furthermore,
the similarity of apparent water use of the Thinned and Control
stands is also concordant with many studies that have shown
increased water use and growth in remaining trees following
thinning, particularly in Mediterranean (winter wet, summer
dry) climates (Clark et al., 2016; Hahm et al., 2019, Tague et al.,
2019). This is readily apparent in the increase in BAI that both
treated stands experienced two to three years after thinning
(Figure 6).

During wet years (WYs 2016 and 2017), the scale and
timing of soil moisture recession in all three stands were similar
(Figures 5B,C). In the winter and spring, any soil moisture
lost to evapotranspiration and/or gravity drainage was soon
replenished by abundant rainfall, topping off the upper 100 cm.
Since: (1) evapotranspirative demands were insufficient to
overwhelm infiltration, (2) there was always more precipitation
than the soil could store, and (3) negligible overland flow
occurred, the balance would soak in and replenish deep soil
moisture storage and/or the aquifer(s). Given that the Control
and Thinned stands reached minimum soil moisture storage at
approximately the same time, the large trees that remained after
thinning transpired at higher rates than the numerous smaller
trees in the Control, consistent with the findings of Tsamir
et al. (2019). With wider spacing, these trees also benefited
from the additional sunlight. Therefore, in spite of the dramatic
differences in their densities, the Thinned and Control had
approximately the same annual transpiration from the upper
meter of soil.

In contrast, during drought years (WYs 2014 and 2015),
forest density was an important factor in soil moisture retention.
The Control, with its numerous trees, would have both higher
transpiration and likely more interception than the other
two treated areas. There was not enough precipitation and
infiltration to overcome the trees’ transpiration demands, and
thus soil moisture storage began to decline much earlier in
the season (Figure 5B). Whereas at the Thinned and Seed
Cut sites, soils remained at full storage through the winter,
and any infiltration events would have caused deep drainage.
Said another way, the trees in the Control used the stored
water early and, when it was not replenished by winter rains
or spring snowmelt, rapidly exhausted the supply. Importantly,
fuel moisture tracks soil moisture. Although the available water
was fully depleted by the end of the summer in the harvested
areas as well (in all years), they both retained moisture longer
through the summer in dry years (Figure 5C)—which reduces
wildfire risk during the most dangerous part of the season.

Like many mid-elevation forests in the Cascades and Sierra
Nevada, this area has experienced a noticeable shift in its
precipitation regime, and instead of maintaining a consistent
seasonal snowpack (even in dry years), it now almost exclusively
receives rain. Most of the water then immediately infiltrated
through the coarse volcanic soils. During dry spring seasons,
the snowpack served as a supplemental storage reservoir that
was available to top off soil moisture reserves, even in the dense
Control. This effectively reset the recession curve, as exemplified
by the stores being at full capacity in March and April in 2017
(Figure 5B), which was the only year with appreciable snow
during the study.

As a result of this transition, snow is now absent during
the critical onset of transpiration. This, in turn, caused soil
moisture to decline earlier and faster, which placed the trees
under greater stress during the hottest part of the summer (July–
September). While this result may be site specific, it suggests
that such treatments would benefit many forests by delaying the
onset of near surface drying and water stress—thereby lowering
fire risk—in regions that never had seasonal snowpacks as well as
in places in which a warming climate is reducing or eliminating
them.

It is important to recognize that soil moisture storage deeper
than the 100 cm profiles that were reported on here is likely to
also be a valuable resource in all years. Depletion in the upper
zone ranged from < 10 cm in the Seed Cut to as much as
25 cm in the Control (Figure 5A). Indeed, the greatest increase
in BAI for the trees measured in Seed Cut (and Thinned) was
in 2015 (Figure 6), at the peak of the drought (Figure 2A),
which indicates that there was substantial growth despite the low
precipitation.

Transpiration in California’s Sierra Nevada, Coast, and
Cascade Ranges is likely supplemented from water storage
deeper in the soil profile (Bales et al., 2011a,b), and potentially
from within fractured bedrock, which appears to be the case
here. Nonetheless, near-surface depletion of soil moisture does
have a major impact on forest health, soil biogeochemical
cycling and microbial processes (e.g., Curiel Yuste et al., 2007),
and resilience in the face of future disturbance (e.g., wildfire,
insects, disease, etc.). Therefore, characterizing the shifts in soil
moisture storage within the upper 100 cm in response to forest
and fuels reduction treatments is a critical part of understanding
how active management effects forest health and ecosystem
services.

These results documented the importance of soil storage
capacity, precipitation form (rain or snow), and the behavior of
the Critical Zone (e.g., Grant and Dietrich, 2017) in controlling
recharge and runoff in forests transitioning from snow to
rain within the Basins Project area. In Mediterranean regions,
Hahm et al. (2019) noted that for soils with low storage
capacities (only), the forest was not sensitive to variations in
annual precipitation. Likewise, in a modeling study of the
Sierra Nevada, Tague and Moritz (2019) showed that the
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magnitude of the impact of thinning on evapotranspiration and
post-implementation ET recovery was highly sensitive to soil
moisture storage capacity, (and maximally so when it was in the
intermediate range).

In these stands, soils are not shallow, and the underlying
bedrock is very permeable. Additional water gained from
thinning can, therefore, augment the subsurface groundwater
system and would eventually either supplement stream baseflow
lower in the watershed or be used for future evapotranspiration
(if it is accessible by roots). Whereas in thin soils with limited
storage, water gained from thinning may not be retained in the
soil profile and would run off the landscape, thereby increasing
winter storm flows in downstream rivers.

This suggests that managing the forest in order to improve
resilience, as well as enhancing summer baseflows, would be
the most effective in catchments with large storage capacities
(e.g., well-drained deep soils with gently sloping topography)
and may have detrimental effects (e.g., increased winter storm
flows) in steep and poorly drained catchments.

An additional consideration in designing thinning
treatments that may enhance flows is the potential for hydraulic
lift to draw any newly available water that is deeper in the profile
up to the top meter. It would then be utilized by vegetation
rather than becoming available to augment downstream supply.
During the dry season in a highly permeable landscape, one
study showed that pine species with deep roots were able to
generate hydraulic lift (Filella and Peñuelas, 2003). However,
since the phenomenon is only observable when there are just a
few meters between a tree and the soil moisture probes (Horton
and Hart, 1998), which was not the case here, future research is
needed to determine how much of a role it plays in the volcanic
landscapes of the southern Cascades.

Seed cut treatment

Several additional observations were made regarding the
long-term hydrologic behavior of the Seed Cut treatment. In
every year of the study, its end-of-season soil moisture storage
was always the greatest, which suggests that the remaining (seed)
trees should be less water stressed.

However, at first glance, it was surprising that they did not
first fully deplete the reserves in the upper 100 cm. This is
likely due to the soil moisture monitoring node being ∼30 m
from the closest seed tree, at a spot that may not represent the
conditions within its root zone. The few perduring trees may
still be at a higher risk for late season water stress since they
are subjected to much greater vapor pressure deficits during the
late summer (Figure 4C). This could lead to their experiencing
higher potential transpiration demands than trees in the same
size class would under a thinning prescription. Studies in other
areas with Mediterranean climates have shown similar increases
in transpiration due to elevated solar radiation, even in locations

that would not traditionally be classified as being radiation
limited (Tsamir et al., 2019). Hydraulic lift may also support
young trees growing in the clearings, but more work is needed
to assess these effects in this region.

These results also raise an important wildfire hazard
consideration: While the higher evaporative potential after seed
cut clearing does not affect integrated soil moisture appreciably,
in many situations, it could cause surface fuels to dry out more
rapidly. This would, in turn, increase both the risk of an ignition
and the rate of spread of wildfire across the open patch.

Finally, the magnitude of the end-of-season soil moisture
storage in the Seed Cut declined (Figure 5A) from ∼20 cm in
2014 to 15 cm in 2016. This indicates that there was an increase
in soil moisture uptake over time, which then stabilized, or
even rose slightly, in 2017. During this same period, understory
growth in the Seed Cut accelerated, particularly with the
planting of pine seedlings in 2013. This occurred throughout the
treated area, including adjacent to the soil moisture monitoring
station, and this vegetation is now likely accessing the additional
available water. However, in the wet year of 2017, the understory
transpiration demand appeared to have been well met, which
resulted in the slight rebound of end-of-year storage.

Conclusions

The Basins Project monitored micrometeorology and soil
moisture in thinned and nearly cleared mixed-conifer stands
that were transitioning from being snow-dominated to rain-
dominated in Lassen National Forest, at the southernmost
extent of the Cascades, California, USA. While the spatial
breadth and sampling replication were both limited, the
observations did comport with the initial conceptual model
and results were consistent with previous work, which has
repeatedly documented differences between forest treatments.
The study spanned seven years—across extreme drought (2015)
and near-record precipitation (2017)—conditions that are
predicted to become more prevalent in the future throughout
the western U.S. and world.

Key findings include:
(1) With the exception of shortwave radiation reaching the

forest floor, the difference in the magnitude of the changes
between the patch-like seed cut and thinning prescriptions was
relatively small. Under this new, rain-dominated precipitation
regime, reducing tree density to ∼15% of Control had largely
the same impact on micrometeorology as reducing it to less
than 2%. This result raises the intriguing possibility that
the hydrology and micrometeorology of southern Cascades
coniferous forests may not necessarily vary in proportion to
changes in stand density.

(2) Both active forest management and climate were shown
to influence soil moisture storage and depletion behavior.
Despite the dramatic differences in tree density between the
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Thinned and Control stands, the amount of soil moisture that
remained in each at the end of the summer in the upper 100 cm
was very similar. Removing almost all of the remaining trees,
however, caused soil moisture to increase substantially.

(3) The onset of soil moisture decline appears to be
governed by annual precipitation as well as stand density.
During the early drought years, in which there was not
enough winter precipitation to maintain soil moisture reserves,
without the additional storage capacity provided by a seasonal
snowpack, depletion began much earlier in the Control than in
the thinned areas.

(4) The near-complete removal of trees in mid-size (< 1 ha)
openings can cause—over the period of this study—increases in
integrated soil moisture storage through the height of summer.
However, the remaining trees take advantage of this increase in
available water within a few seasons to grow and increase the
basal area of sapwood.

On Lassen National Forest, forest thinning prescriptions
that are designed to reduce interception and transpiration in
snow-dominated landscapes may also help retain moisture in
those that are transitioning to rain. In cases where the soil and
aquifer can provide sufficient storage to absorb and hold winter
rains, water that would have been consumed by those processes
is instead available to delay the onset of soil moisture recession—
thereby both reducing the risk of wildfire and benefitting the
ecosystem as a whole.

Although these conclusions are specific to this location
and do not allow generalization, the site is representative of
substantial portions of the southern Cascades in which recent
volcanism dominates the landscape, soil development, and
surface/subsurface hydrology. These watersheds are typified by
high infiltration rates, large soil moisture storage reservoirs, and
significant groundwater storage.

Furthermore, the reduction and elimination of snowpacks
across this region considerably decreases the storage
capacity of catchments, and thus removes an important
reservoir from the Critical Zone. Without snowpack,
soil moisture reserves are less likely to be replenished
for the growing season and, during dry years, begin
declining earlier. Dense forest stands would then experience
water stress, desiccate, and become prone to igniting
earlier as well.

This study has successfully shown that forest thinning can
be effectively used to enhance summer soil moisture storage in
the Basins Project area. Additional work is needed to generalize
these findings and characterize the effects (or lack thereof) of
such treatments on downstream flows.
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